The depth dependence of crystalline structure within thin films is critical for many technological applications, but has been impossible to measure directly using common techniques. In this 2 work, by monitoring diffraction peak intensity and location and utilizing the highly angledependent waveguiding effects of X-rays near grazing incidence we quantitatively measure the thickness, roughness and orientation of stratified crystalline layers within thin films of a highperformance semiconducting polymer. In particular, this diffractive X-ray waveguiding reveals a self-organized 5-nm-thick crystalline surface layer with crystalline orientation orthogonal to the underlying 65-nm-thick layer. While demonstrated for an organic semiconductor film, this approach is applicable to any thin film material system where stratified crystalline structure and orientation can influence important interfacial processes such as charge injection and field-effect transport.
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INTROUCTION
Use of Grazing Incidence Wide Angle X-ray Scattering (GIWAXS) or Grazing Incidence Xray Diffraction (GIXD/GIXRD) is becoming increasingly popular for characterizing the crystalline structure of thin films, particularly those of organic materials. [1] [2] [3] [4] [5] [6] These solutionprocessed materials often do not produce large crystalline domains, but rather highly paracrystalline nanometer scale domains. These domains are often disordered within the plane of the sample, but have a uniaxial symmetry about the surface, resulting in a uniaxial powder diffraction pattern which is nicely probed by GIWAXS at a single grazing incidence angle.
Because these films are macroscopically isotropic in the plane of the sample, the scattering patterns are presented on axes of momentum transfer in the plane of the sample (Qxy), and normal to the surface (out of plane Qz). Although characterizing diffraction peaks, because of the high level of paracrystallinity and many crystallites within films, the peaks in GIWAXS of organic thin films are often quite broad, and often the more general term scattering is used to characterize the method rather than diffraction, to distinguish from macro or single crystal diffraction studies, where other techniques are applicable. For further discussion of GIWAXS as applied to organic electronics, the reader is directed to the large body of literature on the subject. [2] [3] [7] [8] [9] We apply in this work a potentially powerful aspect of GIWAXS that has not been widely utilized, and often ignored in this field: the highly angularly-dependent thin-film X-ray waveguiding effects. 10 As in X-ray reflectivity, fine alteration of the grazing angle of collimated X-rays incident upon a film alters the distribution of X-ray Electric Field Intensity (XEFI) within a film dramatically as shown in Fig. 1A , and as utilized in the Distorted Wave Born Approximation (DWBA) treatment of grazing incidence scattering. This framework covers not just the use of evanescent waves, which penetrate into the surface films when below the critical angle, but additionally the interference of incoming and outgoing waves within a thin film above the critical angle. Typical uses of grazing incidence scattering, even analyzed in the DWBA framework use a single or handful or incident angles to look at qualitative surface and bulk features, 3, 11 while experiments such as reflectivity measure many angles but only measure the reflected beam intensity. In a diffractive waveguiding experiment a 2D detector is used to collect scattered X-rays at several different incident angles monitoring diffracted intensities. Because scattering intensity from crystalline structures at a particular depth is directly dependent on the XEFI at that depth, by examining the scattered or diffracted intensity as a function of incident angle the depth-profile of the corresponding morphology can be determined. There are other well-established techniques for depth-profiling of samples, such as Dynamic Secondary Ion
Mass Spectroscopy (DSIMS) or X-ray reflectivity, however these techniques are insensitive to the crystalline structure or orientation of different layers. X-ray scattering waveguiding has been demonstrated to reveal non-crystalline nanostructure in thin films, [10] [11] and crystalline surface layers of metals. 12 Simple alteration of incident angle to reveal surface structure varying from the bulk of a polymer has a strong history, [13] [14] but rarely has a measure of the thickness of surface layers been demonstrated 15 and then only in thick films, where the much simpler penetration depth method is used. In contrast, a full treatment of waveguiding effect in a thin film system has the potential to quantitatively characterize the precise location, thickness, and orientation of the stratified crystalline layers including a precise measure of transition widths between layers.
In cases where angular dependence has been employed to study a surface/bulk difference spin coated conjugated polymer thin films, distinct crystalline surface layers have not been detected, rather only changes in the level of crystallinity have been noted. [16] [17] [18] [19] A quantitative measurement of crystalline stratification within thin organic electronic films has yet to be clearly demonstrated.
In self-assembled thin film systems, whether because of surface disorder, film roughness, or lack of highly collimated X-ray beams (with an experimental angular resolution of ~0.0025 degrees), diffractive waveguiding has not been demonstrated. This level of experiment is often judged unnecessary if the primary measurement goal is to examine overall thin film molecular packing, in which case only the angle with the highest overall scattering intensity is analyzed.
However in applications such as organic-field effect transistors, where the thin (as little as 2 nm) 20 near-surface layers are responsible for charge transport, 21 simply measuring the average film properties can miss important surface structure that is distinct from the thickness-averaged microstructure. 22 In this work, we demonstrate unambiguously the crystalline self-reorganization and stratification within a thin film of the novel, high-performance n-type semiconducting polymer [3, 8] strictly necessary for good OFET performance. [37] [38] In some cases, near-edge X-ray absorption fine-structure (NEXAFS) spectroscopy has detected thin edge-on orienting layers on top of an otherwise face-on film, 22 however the thickness and crystallinity of such layers has remained unknown due to the limitations of the NEXAFS technique. The ability to experimentally characterize the crystalline properties of near-surface layers is important for firmly establishing the relationship between surface structure and interfacial processes.
MATERIALS AND METHODS
The synthesis and full device properties of PNDI-SVS are reported elsewhere. 23 The batch of PNDI-SVS used here had a molecular weight (Mw) of 168.0 kg/mol, with a polydispersity index of 2.1.1 PNDI-SVS films for GIWAXS analysis were prepared by spin-coating onto silicon wafers with a natural oxide layer. PNDI-SVS was dissolved in anhydrous chlorobenzene solvent with a solution concentration of 12 mg/ml. The semiconductor solutions were filtered with a 0.2 μm polytetrafluoroethylene syringe filter and spin coated at 2000 rpm for 60 seconds in N2 filled glove box. The spin coated PNDI-SVS films were thermally annealed at various temperatures for 20 minutes in the N2-purged glove box.
GIWAXS measurements were carried out at the SAXS/WAXS beamline at the Australian Synchrotron 39 with a Dectris Pilatus 1M detector. During different measurements, 9 keV highly collimated photons were aligned parallel to the sample by using a photodiode. Angular steps of 0.01 degrees were taken near the critical angle, which was determined as the angle of maximum scattered intensity. To confirm our results, the measurement was later repeated with 0.005 degree steps (to ensure all angular dependence was captured) and at 11 keV (allowing a larger q range to be obtained) with a similarly prepared sample. 9 keV data is shown in figures 1-2, while the higher resolution 11 keV data is used in the remainder. Each 2D scattering pattern was a result of a total of 3 seconds of exposure. Three 1-second exposures were taken at different detector positions to fill in the gaps between modules in the detector, and combined in software.
Correction of data onto momentum transfer axes and sector profiles, was done using an altered version of NIKA. 40 Peak fitting was done using least squares multipeak fitting within IgorPro.
The only data correction performed is the change of axes from pixel to in and out of plane q, resulting in the missing wedge due to the incoming and outgoing incident angles differing. For details please refer to extensive GIWAXS/GIXD literature. 1 XEFI was calculated by Parratt's formalism using a multilayer slicing algorithm 41 within
IgorPro. The film is decomposed into a multilayer system, with roughness being accounted for within the system as a gradual change from one index of refraction to another across many Angstrom-thick layers. At each of these layers the incident and reflected beams are reflected and refracted and in each layer absorption is calculated. Setting the boundary conditions of the incoming electric field intensity we solve for the electric field at each interface, allowing determination of the total XEFI, of the incoming and outgoing X-ray wave at each Angstrom of depth within the system. The model ignores in-plane structure, instead averaging the entire system at each depth. Further refinements to the model would take into account the local thickness variations and in-plane structure both of the film as a whole and of the edge-on region, and allow for unaligned regions as well, but these refinements are unnecessary to get a remarkably good agreement between simulation and measurement.
RESULTS
Angle-resolved GIWAXS was performed on PNDI-SVS at the Australian Synchrotron SAXS/WAXS beamline. 42 Here, the very low vertical angular divergence and stable instrumentation allows reliable angular resolution to less than 0.0025 degrees. The scattering pattern just above θc is similar to that seen in the similarly structured and wellstudied P(NDI2OD-T2) polymer 16, 22, [43] [44] which substitutes thiophene sub units rather than selenophene units and lacks the vinyl linker in PNDI-SVS. We can identify a largely orthorhombic unit cell as shown schematically in to diffracted peaks from the incident and reflected X-ray components 45 in the DWBA, but also a considerably weaker and spread out peak with a smaller coherence length. 11 It is expected that the (00l) ┴ reflections exist, but are difficult to reliably pick out of the diffuse background and multiple higher order reflections in that region, while the (0k0) ┴ are coincident with the stronger (0k0) reflections.
Comparing the angular dependence of the in-plane and out-of-plane scattering we can see that the (100) and (001) face-on reflections compared to the (200) ┴ edge-on reflections ( Fig. 2C and   2D ) have a very different incident-angular dependence, such that the highest intensities occur at different incident angles. This difference indicates that these crystalline orientations must occur at different depths within the thin film. To determine the depth quantitatively, we extract the exact angular dependence of these two crystalline structures. By taking the (100) peak as representative of the face-on component, and fitting the peak as a Gaussian on a log-cubic background, we obtain the peak area in a repeatable fashion. Similarly we take the (200) ┴ reflection, fit in the same manner, as the representation of the edge-on component of the film.
We pick these two peaks because they are relatively well-separated from other peaks and backgrounds, such that their peak sizes can be readily fit even when the scattering intensity is low and surrounding and background features are high. These peak-fit areas vs incident angle are plotted in Fig. 3 . To determine the source within the films which might match these angular profiles, we first setup a simulation of the angular and depth dependent XEFI in the film (as shown previously in Fig. 1B and in previous work 10 ) for different thicknesses and roughness of films, and then examine the angular profiles from different regions, searching for sets of profiles that match the measured angular dependence.
The results of this process is shown in Fig. 3 , and the effects of slight variations are shown in
Fig. 4.
Although independent atomic-force microscopy (AFM) measurements of film thickness and roughness were taken (see previous work 23 and Supporting Information) we can also narrow down the parameter space using only the diffraction data, as shown in Fig. 4 . The use of the scattering data to infer surface roughness is particularly important since GIWAXS is sensitive to both surface roughness and film thickness variations (both of which enter into the effective RMS This observation of crystalline orthogonal self-stratification in a solution-processed semiconducting polymer film is a significant observation in its own right, justifying some discussion on the nature and mechanism of this phenomenon. At lower annealing temperatures, an edge-on crystalline component was also found in a majority face-on film, however the angular dependence of the corresponding peaks indicate that that component is spread throughout the film. This can be seen by the lack of significant changes in corresponding peak heights around the critical angle in Fig. 5 at temperatures lower than 210°C. One possible explaination is that the surface reorganization is at least partially the result of temperature dependent translational mobility of crystallites being slightly easier than either rotational mobility of crystallites or melting of crystals and reforming. Another possibility is that a short anneal at 210 °C just enough thermal energy to melt and reform or rotate isolatedbedge-on crystallites within the film (surrounded on all sides by face-on crystallites) to match their neighbors' orientation, while at the free surface face-on crystallites might have the just enough freedom to begin to reorient to the more energetically favorable edge-on orientation. Electron-yield NEXAFS spectroscopy, which is sensitive to the first few nanometers of the film, confirms a more edge-on (though not necessarily crystalline -NEXAFS measures both crystalline and amorphous material) surface alignment in all spin-coated films even without annealing, while bulk-sensitive fluorescenceyield NEXAFS spectroscopy confirms face-on molecular orientation in the majority of the films. 23 Thus the very surface layer which is consistently edge-on at all temperatures is only able to start to template orientational propagation through the film at 210 °C. And similarly, the bulk of the film which is overwhelmingly face-on at lower temperatures is only able to reorient isolated pockets of edge-on crystals at 210 °C, resulting in a clean stratification. such that the maximum intensity of each peak is at differing grazing angles.
If the sample is annealed for a longer period of time, or at higher temperatures, the edge-on crystallinity does win out in the end, and highly edge-on films are produced, 23 indicating that the stratification is not at equilibrium but perhaps only a snapshot of the process which we kinetically trap upon quenching to room temperature. This observation would lead us to the conclusion that surface energy effects at the free surface are the driving force in the orientation of this organic semiconductor, with the system able to lower its energy by placing the aliphatic side chains at the film/air interface. Indeed other studies have similarly observed a transition from face-on to edge-on with annealing, believed to be templated by edge-on oriented molecules at the film/air interface. 22, 44 Further supporting this observation is a second sample also annealed at 210 °C for a similar amount of time which was found to have a 9 nm surface layer using the same method (see Supporting Information), indicating that we may just be catching a relatively slow transition to edge on which is nucleated at the surface and would have proceeded had we not quenched the film. The unique property found in the thin film of PNDI-SVS annealed briefly at 210 °C is that the reorientation is limited to surface layer and that it is crystalline, resulting in the entire film consisting of crystallites in one orientation or the other. We suggest that it is the backbone planarity and close π-π stacking distance and increased backbone stability due to the vinyl linkers between the selenophene groups that allows the high level of film crystallinity and reorientation of backbones on the surface to be minimally hindered by the orientation of the lower levels. This independence allows the surface layer polymers to maintain close enough registration to remain crystalline upon reorienting. Perhaps the morphology of the surface is also important. The fact that the transition layer is so wide implies that some areas the crystalline layer must be thicker, up to 10 nm and in some areas it might be very thin, while the overall film roughness remains much lower.
Relating the observed microstructure to OFET performance, we note that PNDI-SVS films can achieve electron mobilities of  2 cm 2 /Vs in n-type top-gate OFETs. 23 Interestingly the transport parameters of PNDI-SVS top-gate OFETs did not strongly correlate with "bulk" GIWAXS analysis (that is GIWAXS data that averaged over the entire film thickness), suggesting that molecular orientation and molecular order at the interface determine transport in each sample.
Surface sensitive near-edge X-ray absorption fine-structure spectroscopy confirms an edge-on orientation of molecules at the top interface, 23 distinct from the more face-on orientation of the bulk, highlighting the need to use techniques with appropriate surface sensitivity in order to correlate OFET properties with molecular orientation.
Importantly, unlike previous observations of differing surface orientation, the PNDI-SVS sample investigated here shows that the surface layer is crystalline. For other polymers where an edge-on surface has been observed on top of a face-on bulk, a stratified crystalline layer has not been observed. The surface region either fails to crystallize in these other systems, and the reorganization is only seen through NEXAFS, which is sensitive to both amorphous and crystalline molecules, 22 or the surface crystal is too small to have been measured (only a monolayer). As noted above, in many such systems the whole film is seen to change orientation to edge-on upon extended annealing, just as we see in this case. 44 In some cases, it is likely that crystalline stratification was simply not previously noticed, in others it may have been concluded that an edge-on component of scattering was the result of mixed orientation within the film with no further investigation of the subtle angular dependence of the scattering peaks. It is therefore unclear in these previous studies whether an edge-on surface layer is present and non-crystalline, or simply not observed. Surface layers may be too thin to notice or samples may be too rough to allow effective diffractive waveguiding. The fact that high mobilities are also observed in P(NDI2OD-T2)-based top gate transistors suggests that as little as a monolayer of edge-on oriented polymer chains is necessary for good OFET performance, too small to create out of plane diffraction peaks here observed. Even in this case, careful quantification of the background to reveal the angular dependence of in-plane (0k0) ┴ reflections would allow depth profiling through diffractive waveguiding.
Diffractive waveguiding has the potential to characterize films of multiple components, such as organic photovoltaics which have an active layer of a mixture of two organic components. It would be important to consider the refractive index of the different components, which would result in a different EFI calculation for each stratification model in addition to overall film thickness and roughness, which in the present case are not needed because the difference of refractive indices of the stratified layers at hard X-ray energies is negligible.
To understand the potential of diffractive waveguiding to identify more complicated structures than surface segregation and the limitations and benefits of the technique, it is useful to consider the related technique of X-ray reflectivity. Reflectivity is a natural complement to diffractive waveguiding, as in the course of fitting reflectivity profiles, the XEFI distribution throughout the film (as shown in Figure 1A ) is solved, which can then be used to determine locations in the film of different crystalline structure. Thus, diffractive waveguiding has the same potential for depthprofiling thin films as X-ray reflectivity, with the distinction that diffractive waveguiding is sensitive to differences in the off-specular crystallographic properties and so can characterize crystalline feature depth, rather than just refractive index depth profiles. It is the diffractive information that reveals the stratification in this work. The same lack of one-to-one correspondence between angular-dependent intensity and depth-profiles that one finds in reflectivity also holds for diffractive waveguiding. As with X-ray reflectivity, the ability to deduce buried structures may require some extra amount of knowledge about the sample for convergence. In the case presented here, an angular resolution of 0.01 degrees and a range of 0.05 to 0.25 degrees would be just sufficient to determine the structure, although the finer resolution of 0.0025 degrees allowed an unambiguous fit. Angular resolution requirements may become finer with higher X-ray energies, and thicker or denser films. A similar requirement is that the thin films need to have low overall roughness to resolve fine features.
It is also important to emphasize that the technique of diffractive waveguiding has great potential for depth-profiling other thin-film systems beyond OFETs and semiconducting polymers. In general, one expects crystalline stratification to produce distinct effects on device physics including charge injection, charge transport, environmental stability, optoelectronic and piezoelectric properties, and refractive properties in myriad materials systems. In any system where different crystalline phases or orientations induce a change in performance, understanding exactly where they lie within a thin film using diffractive waveguiding will be critical to understanding and predicting system performance. We expect that the utilization of X-ray evanescent and waveguiding effects within thin films to unlock a new functionality of grazing Xray diffraction will be beneficial to many fields where disclosure of depth-dependent crystallinity is important. ACKNOWLEDGMENT
